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A large part of the European population is still exposed to ambient nitrogen dioxide (NO2) levels 
exceeding the European Union (EU) air quality standards, being a key challenge to reduce NO2 
concentrations across many European urban areas, particularly close to roads. In this work, a trend 
analysis of pollutants involved in NO2 processes was done for the period 2003-2014 in traffic sites from 
three Spanish cities (Barcelona, Madrid and Granada) that still exceed the European NO2 air quality 
standard limits. We also estimated the contributions of primary NO2 emissions and photo-chemically 
formed NO2 to the observed ambient NO2 concentrations in order to explore their possible role in the 
observed NO2 concentration trends. The NOx and NO concentrations at these traffic sites showed 
significant decreasing trends during the period 2003-2014, especially at Barcelona (BARTR) and Madrid 
(MADTR) traffic stations. The NO2 concentrations showed statistically significant downward trends at 
BARTR and MADTR and remained unchanged at Granada traffic station (GRATR) during the study period. 
Despite the significant decrease in NO2 concentrations in BCNTR and MADTR during the analysed period, 
the NO2 concentrations observed over these sites still above the annual NO2 standard limit of 40 µg m
-3
 
and, therefore, more efficient measures are still needed. Primary NO2 emissions significantly influence 
NO2 concentrations at the three analysed sites. However, as no drastic changes are expected in the after-
exhaust treatment technology that can reduce primary NO2 emissions to zero in the near future, only a 
substantial reduction in NOx emissions will help to comply with the NO2 European air quality standards. 
Reduction of 78%, 56% and 16% on NOx emissions in Barcelona, Madrid and Granada were estimated to 
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Air pollution is an environmental issue of public health concern (e.g., Pope and Dockery, 2006). 
Exposure to air pollutants in urban areas, emitted by different sources, can cause severe health problems 
such as increased morbidity and mortality and alterations in the respiratory, cardiovascular and 
cerebrovascular systems (WHO, 2013). According to the report of Air quality in Europe (EEA, 2016), 
PM2.5 (particle matter with diameter <2.5 µm), NO2 and O3 are responsible for 400,000 premature deaths 
per year in the European Union (EU). For this reason, the European Commission has established different 
threshold limits values along the last decades for many ambient air pollutants.  
In order to improve air quality in the European continent and meet the air quality standard limits in the 
European countries, the European Commission (EC) has implemented several stringent emission control 
measures along the last decades. Various EC control measures focused on vehicle emissions, such as 
EURO III, IV, V and VI emission standards, entered in force from 2000 to now on for restrictions of road 
traffic emissions, and 1999/32/EC for shipping emission restrictions. Also, EC has established several 
control measures for industry emissions, such as the Integrated Pollution Prevention and Control 
Directives 1996/61/EC and 2008/1/EC, or 1999/13/EC to control the emissions of Volatile Organic 
Compounds. In addition to these control measures on European scale, regional and local authorities have 
adopted a number of measures to reduce air pollution. The scope of these control measures and the level 
of ambition vary significantly among regions and countries. Some of these control measures include the 
implementation of Low Emission Zones, LEZ (e.g., Holman et al., 2015), public transportation re-
organization (e.g., Gramsch et al., 2013; Titos et al., 2015), promotion of public transport or use of 
bicycles, among others. 
As result of the implemented abatement policies, emissions of large number of air pollutants decreased in 
the last decades across Europe (e.g., Harrison et al., 2008; EEA, 2016), resulting in generally improved 
air quality across the EU. Nowadays, most European zones meet the air quality limits established for CO, 
SO2, and metals (e.g., Querol et al., 2014; Henschel et al., 2013; EEA, 2016). However, emissions of 
nitrogen oxides (NOx, NOx=NO+NO2) from road transport have not decreased sufficiently, and NO2 
ambient concentration, especially at roadside sites, has not decreased as expected, and even in some cases 

















annual NO2 air quality limit value of 40 µg m
-3
 for the protection of human health (in force in the 
European Union since 2010), especially at roadside stations (e.g., Guerreiro et al., 2014; Derwent et al., 
2007; Adame and Sole, 2013; Font and Fuller, 2016). 
A large part of the population lives in urban areas, therefore, the failure of EU emission control measures 
to reduce NO2 ambient concentrations in urban areas has important implications for public health. NO2 is 
a toxic gas, mainly formed in the atmosphere by reactions of NO and ozone, although direct NO2 
emissions by traffic, especially diesel fueled vehicles, can also contribute to ambient NO2 concentration 
(Carslaw and Beevers, 2004a).  
High ambient NO2 concentrations can cause inflammation of the airways and cardiovascular disease 
(WHO, 2013; Latza et al., 2009) and even morbidity and mortality (Samoli et al., 2006; Beelen et al., 
2008). According to the last European Environment Agency report, NO2 was responsible for 71,000 
premature deaths in EU and for 4,280 premature deaths in Spain in 2013 (EEA, 2016). Also, NO2 
contributes to the formation of secondary aerosols and tropospheric ozone in the atmosphere, which also 
have adverse impacts on human health (Finlayson-Pitts and Pitts, 2000). 
The unexpectedly small decrease of NO2 ambient concentrations, despite large EU regulatory efforts, 
together with the strong adverse health effects of long term exposure to this pollutant have led to 
considerable research in the last few years for understanding NO2 trends and exploring the potential 
causes of the observed trends (e.g., Henschel et al., 2015; Escudero et al., 2014). Several studies have 
shown that NO2 yearly and hourly exceedances are caused by road traffic emissions (e.g., Degraeuwe et 
al, 2016; Querol et al., 2014; Wild et al., 2017). Some studies in the UK, Switzerland, Finland and 
Germany have attributed the weaker downward trends of NO2 and the non-compliance of NO2 air quality 
standards in urban areas to the significant increase of the number of diesel-fueled vehicles together with 
the increase of primary NO2 fraction in the NOx exhaust from diesel vehicles fitted with modern after 
exhaust treatment technologies (Carslaw, 2005; Anttila et al., 2011; Mavroidis and Chaloulakou, 2011; 
Kurtenbach et al., 2012). The NO2 fraction in the total NOx emitted (f-NO2) by diesel vehicles not fitted 
with modern exhaust treatment technologies is about 10-12% and can reach up to 70% for those fitted 
with particle traps and oxidation catalysts like EURO III, IV, V, VI (Carslaw et al., 2016), being 

















emissions (e.g., Carslaw and Beebers, 2004b). However, other studies in Netherlands and Germany 
showed that reducing primary NO2 emissions will not have a strong influence on urban NO2 
concentrations and only substantial reduction of local NOx emissions will help to reduce NO2 
concentration and meet NO2 European air quality standards (Keuken et al., 2009; Kurtenbach et al., 
2012). Also, using an urban NO2 pollution model with various NOx emission scenarios, Degraeuwe et al. 
(2016, 2017) found that the reduction in NOx emissions of diesel cars is more relevant than the NO2 
fraction in the total NOx emissions for the reduction of regional and urban NO2 concentrations. 
Furthermore, Degraeuwe et al. (2016, 2017) found that f-NO2 only has a relevant effect in proximity of 
intense road traffic typically found on artery roads. However, Henschel et al. (2015) could not draw any 
clear conclusion concerning the role of primary NO2 emissions or other factors in the observed NO2 
trends at 9 European cities, recommending further research to explore the potential factors affecting the 
observed trends in ambient NO2 concentrations in urban areas. 
As in other European countries, in Spain, the ambient NO2 concentrations have not decreased as expected 
and as a consequence the annual NO2 limit value of 40 g m
-3
 established by the EU for the protection of 
human health has been continuously exceeded at 3 cities with different population and geographical 
characteristics (Barcelona, Granada and Madrid) (EAA, 2016). Until now the reason for the observed 
changes in NO2 concentrations at these urban sites have not been thoroughly investigated. Understanding 
why concentrations of NO2 in these Spanish cities have not decreased as anticipated requires a better 
understanding of NO2 trend and the exploration of the potential causes of the observed trend. This can 
provide useful information to plan further actions to effectively mitigate urban NO2 pollution. 
In this study we evaluate the NO2 concentration and quantify its trend from 2003 to 2014 in three Spanish 
cities that still exceed the European NO2 air quality standard limits. In addition, we quantify the 
contributions of primary NO2 emissions, photo-chemically formed NO2 and background concentrations to 
the observed ambient NO2 concentrations and investigate their possible role in the observed NO2 
concentration trend. Finally, we provide an estimate of the concentration of NOx that needs to be reduced 


















2.1 The study areas and data sets 
The measurements presented in this study were registered at Barcelona, Granada and Madrid. Madrid and 
Barcelona metropolitan areas are the most densely populated regions in Spain, both with more than 3 
million inhabitants (www.ine.es). Madrid metropolitan area is located in a continental plateau in the 
centre of the Iberian Peninsula. Traffic and residential heating are the main sources of pollution in this 
metropolitan area, since industrial activity consists essentially of light factories (Salvador et al., 2012). 
Barcelona metropolitan area is located in the North-East of Spain, over the Mediterranean side, being a 
highly industrialised agglomeration. Anthropogenic emissions from industrial activities and road and 
shipping traffic are the main sources of NOx in this metropolitan area (Querol et al., 2017). On the other 
hand, Granada, situated in the south-eastern of Spain, is a non-industrialised medium-size city with a 
population of 240 000 inhabitants (350 000 including the metropolitan area; www.ine.es) where road 
traffic represents the major anthropogenic source of pollution (Titos et al., 2017; Patrón et al., 2017).  
NOx, NO2, NO and O3 concentrations, with hourly time resolution, registered at these three cities from 
2003 to 2014 are used in this study. Data from two monitoring stations for each metropolitan area are 
used: one traffic station (TR) and one EMEP (Cooperative Programme for the Monitoring and Evaluation 
of Long Range Transmission of Air Pollutants in Europe) regional background station (RB). The stations 
selected for each metropolitan area are described in Table 1. These stations were selected based on the 
availability of NO, NO2 and O3 data at both traffic and EMEP stations. From now on, Barcelona, Granada 
and Madrid traffic stations will be called BCNTR, GRATR and MADTR, respectively, and regional 
background EMEP stations will be called BCNRB, GRARB and MADRB, respectively. 
Area Station Location 
 Name Code Type Lat. Long. Height (m.a.s.l) 


















Cabo De Creus ES0010R RB 42.319 3.316 23 
Granada Granada Norte ES1560A TR 37.196 -3.613 689 
 Viznar ES0007R RB 37.237 -3.534 1230 
Madrid Escuelas Aguirre ES0118A TR 40.422 -3.682 672 
 Campisábalos ES0009R RB 37.237 -3.534 1360 
Table 1. Details of the traffic and regional background stations with availability of NO, NO2 and O3 
data in the period 2003-2014. 
Data from TR stations are available on Generalitat de Catalunya (http://dtes.gencat.cat/icqa), 
Ayuntamiento de Madrid (http://datos.madrid.es) and Junta de Andalucia 
(http://www.juntadeandalucia.es/medioambiente) websites. Data from EMEP stations are available on 
EBAS-NILU database (http://ebas.nilu.no). The measurement protocols followed at the selected stations 
meet the requirements of the European Air Quality directives and therefore assure the comparability of 
the data. Finally, fuel consumption data are obtained from the Corporation of strategic Reserves of oil-
based products website (www.cores.es). 
Due to unavailability of O3 measurements at Granada Norte station during the period 2012-2014, O3 data 
from another urban station in the city of Granada (Palacio de Congresos station) located ~3.5 km from 
Granada Norte station were used. This is supported by comparable O3 measurements obtained at both 
stations during a simultaneous measurement period (Fig. S1 of the Supplementary material). Also, during 
the second half of 2014, Madrid traffic station was influenced by public construction activities carried out 
near the station (Madrid City Council, 2014), so we have excluded this period from our analysis. 
It’s worth noting that there are other three Spanish cities (Córdoba, Murcia and Valencia) that are 
currently exceeding NO standard limit (MAPAMA, 2015) but were not included in this study due to the 

















2.2 Data analysis 
Trends estimation of pollutants concentrations registered at each station were calculated using the Theil-
Sen method (Theil, 1950; Sen, 1968) included in the OpenAir data analysis tool (Carslaw and Ropkins, 
2012), which was specifically designed for air pollution data treatment. Theil-Sen methodology derives 
from the nonparametric Mann Kendall test (Kendall, 1976; Hipel and McLeod, 2005), and is more robust 
and provides more accurate confidence intervals when absurd values occur. The magnitude of this trend 
analysis is expressed as a slope that represents the rate of increase or decrease per year of each pollutant 
concentration. The calculated trends were considered statistically significant with significance level of 0.1 
(corresponding to 10% chance there is no trend) or lower. 
In order to determine f-NO2 (fraction of NO2 in the total NOx emissions) at the studied traffic sites from 
ambient monitoring data we used the model developed by Abbott (2005). This method has the advantage 
that it is based on a mathematical representation of the physical and chemical processes involving NO, 
NO2 and O3 in the atmosphere. It requires ambient measurements of NO, NO2 and O3 concentrations at 
traffic and at nearby background site. This method removes the effect of background pollution by 
considering the difference in the Ox (O3+NO2) and NOx (NO+NO2) concentrations between an urban 
traffic station and a nearby background station. A more detailed description of the model is provided in 
Supplementary Material; although, a brief description is given below.   
In Abbott (2005) model, f-NO2 is obtained from the following regression equation: 
[Ox]local = a[NOx]local + b          (Eq. 1) 
Where [Ox]local  and  [NOx]local are defined as follow: 
[Ox]local =  [NO2]TR + [O3]TR-[NO2]RB-[O3]RB      (Eq. 2) 
[NOx]local =  [NO]TR + [NO2]TR-[NO]RB-[NO2]RB       (Eq. 3) 
Where [NO]TR, [NO2]TR  and [O3]TR  are the concentrations of NO, NO2 and O3 (in ppb) at the traffic 


















The regression parameter a provides the fraction of NO2 in the total NOx emissions (f-NO2), and b is the 
intercept parameter which is expected to be close to zero. The parameter b excludes the background 
oxidant concentrations and represents the net effect of deposition and other chemical and photochemical 
reactions (different of O3+NO -> NO2 and photodissociation of NO2) that contribute to a lesser extent to 
ambient NOx and O3 concentrations (see Eq. S13 in Supplementary Material). It is worth noting that both 
parameters a and b are relatively insensitive to the choice of background monitoring site as was showed 
by Abbott (2005). 
In this study, linear regression analysis on each annual set of hourly [Ox]local and [NOx]local data was 
done to retrieve f-NO2 for each year at BCNTR, GRATR and MADTR sites using BCNRB, GRARB and 
MADRB as nearby background sites. The results of this analysis are presented in Table S1 of the 
Supplementary Material. The results show that for all analyzed sites, despite the scatter, there is a good 
correlation between [Ox]local and [NOx]local in each dataset. Also, the values of intercept parameter b are, 
as expected, very small and close to zero, suggesting that BCNRB, GRARB and MADRB sites are 
representative of background conditions for BCNTR, GRATR and MADTR sites, respectively. 
After the estimation of f-NO2 we determined the primary and secondary NO2 concentrations at each 
traffic station (Anttila et al., 2011). In this calculation we assumed that the total NO2 concentration 
observed at each station is composed of primary NO2 emission ([NO2]primary), secondary NO2 formed by 
NO-O3 reaction ([𝑁𝑂2]𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦) and regional background ([𝑁𝑂2]𝑅𝐵): 
[NO2 ]  = [NO2 ]primary + [NO2]secondary + [NO2]RB     (Eq.4) 
Where 
[NO2]primary = a · [NOx]local         (Eq. 5) 
[NO2]secondary = (1-a) · [NOx]local + [NO]RB-[NO]TR      (Eq. 6) 
Finally, to estimate the required NOx reduction to achieve the NO2 European standard limits at BCNTR, 
MADTR and GRATR stations we used the roll-back model (De Nevers and Morris, 1975; Lu, 2004; 
Chaloulakou et al., 2008): 

















Where R (%) is the necessary NOx emission reduction, CA is the actual NOx mean annual concentration 
(2014 in this work) and CR is the NOx mean concentration corresponding to the necessary reduction level 
(NOx objective level). Finally, B is the NOx background concentration at traffic station. The background 
concentration in this equation corresponds to the concentration at traffic site when nearby source 
emissions that influence the NOx concentration at this site are switched off. The values of B in this case 
were estimated from the concentrations observed at the three studied traffic stations. For this we 
calculated the mean hourly annual diurnal NOx concentrations at each studied traffic station for 2014. The 
minimum NOx hourly concentration observed at each studied traffic station was taken as NOx background 
concentration at this site. The NOx background concentrations of 47, 39 and 30 µg/m³ were obtained for 
BCNTR, MADTR and GRATR, respectively. 
The roll-back model is widely used due to its simplicity and because it requires very little input data. This 
model assumes that the spatial distribution of emission sources, meteorological conditions and species are 
conservative. The NOx can be considered stable for roll-back modelling, since the transformations are 
mainly internal to the cycle NO/NO2/O3. The value of R (%) calculated by this model becomes 
indeterminate when the actual NOx annual mean concentration (CA) is similar to the NOx background 
concentration (B). Therefore, this method is limited to those situations where 𝐶𝐴 is higher than B. In 
addition, 𝐶𝑅 should be higher than B due to the impossibility to reduce NOx concentration below the 
background concentration. 
3  Results and discussion 
3.1 Levels and trends of atmospheric pollutants 
Fig. 1 shows the annual NO, NO2 and NOx concentrations and the NO/O3 annual mixing ratio at TR 

















 Figure 1. 2003-2014 trends of mean annual (a) NO, (b) NO2 and (c) NOx concentrations (μg m
-3) 
and annual (d) NO/O3 mixing ratio recorded at BCNTR, GRATR and MADTR. 
  BCNTR GRATR MADTR BCNRB GRARB MADRB 





























 ----- ----- ----- 
Table 2. Results of the Theil-Sen trend analysis for the 2003-2014 period. The symbols shown for 
the p values for each trend estimate relate to how statistically significant the trend estimate is: 
p<0.001=*** (highest statistical significance), p<0.01=**, p<0.05=* and p<0.1=+; no symbol stands 
for no significant trend (p>0.1). Units are μg m-3 yr-1 for NO, NO2 and NOx, and yr
-1 for NO/O3. 
As expected, NO and NOx concentrations at MADTR and BCNTR stations were higher than those 
registered at GRATR station during the whole studied period, due to their larger population and vehicles 
fleet. However, these differences in NO and NOx concentrations between Madrid/Barcelona and Granada 
traffic stations decreased significantly along the study period (Fig. 1). For example, the differences in NO 
and NOx concentrations between MADTR and GRATR stations were 36 (100%) and 70 (92%) µg m
-3
 on 
2003, however, these differences decreased to 4 (14%) and 13 (19%) µg m
-3
 in 2014. These results show 
that there was significant reduction in NO and NOx concentrations at Madrid and Barcelona traffic 
stations along the studied period in comparison to GRATR station. This is possibly associated at least 
partly with the various local/regional emission control measures implemented in Madrid and Barcelona 

















in Madrid and Barcelona (e.g., ELCACM, 2006; PCACM, 2012; ECACCCM, 2014; PCMCAB, 2013; 
PDMQLA, 2015; and references therein), however, in Granada these measures started in 2014 
(PMCAAGAM, 2014). 
High and statistically significant downward trends were observed for NO and NOx concentrations in 
Madrid and Barcelona cities, especially at traffic stations (Table 2), probably due to the implemented 
control measures, both local/regional control measures and EU directives. The NO and NOx 
concentrations decreased by approximately 45% and 55%, respectively, between 2003 and 2014 in both 
MADTR and BCNTR stations. This high reduction in NOx ambient concentration is similar to the estimated 
NOx emission reduction (of about 40%) for the period 2003-2014 reported by the Spanish national 
emissions inventory (MAPAMA, 2017). In contrast, the reduction of NO and NOx concentrations in 
GRATR was smaller and not statistically significant (Table 2). The NO and NOx concentrations in GRATR 
decreased by only 25% and 9%, respectively, from 2003 to 2014. The NOx reduction in GRATR was much 
smaller than that expected by the Spanish national inventory emissions (MAPAMA, 2017). This small 
unexpected reduction in NOx concentration at GRATR was probably due to the non-implementation of 
local/regional emission control measures, especially traffic emission control, in the city of Granada during 
the analysed period. 
It is worth noting that the analysed period includes the global economic recession that took place from 
2008 to 2014, which may also have affected the observed NOx and NO concentrations decreasing trends 
over the analysed period. As a result of the economic recession, the consumption of fuel oil used in diesel 
vehicles in Madrid, Barcelona and Granada in 2008-2014 decreased by 19%, 23% and 23%, respectively, 
with respect to 2003-2007 period. This high decrease in the consumption of fuel oil used by diesel 
vehicles, which are the main important source of NOx in urban areas, was associated with a significant 
decrease in NO and NOx concentrations in MADTR and BCNTR stations during the economic recession. 
The NO concentrations in MADTR and BCNTR decreased by 45% and 30%, respectively, while the NOx 
decreased by 35% and 20%, respectively, in 2008-2014 compared to 2003-2007. However, although the 
percentage of reduction of the fuel oil consumption in Granada in 2008-2014 was similar to the recorded 
in BCNTR and MADTR, reductions of NO and NOx concentrations in GRATR were much smaller (22% and 
10%, respectively) than those observed at MADTR and BCNTR. Granada is medium size and non-

















economic recession in comparison to GRATR could be attributed to the reduction of NOx emissions from 
industrial activities in Madrid and Barcelona cities. 
NO2 concentrations over MADTR and BCNTR stations showed clear statistically significant downward 
trends along the analysed period, decreasing by 30% and 25% over MADTR and BCNTR, respectively, 
from 2003 to 2014. However, the decrease in NO2 concentrations observed over MADTR and BCNTR 
stations was much less pronounced than the decrease in NOx (55%) concentrations over both stations. By 
contrast, the annual NO2 concentrations at GRATR station were almost constant during the studied period 
(ranging from 40-47 µg m
-3
) and don’t show any statistically significant trend. It is worth to note that the 
annual NO2 concentrations observed over MADTR and BCNTR as well as over GRATR stations is still 
exceeding the annual NO2 standard limit of 40 µg m
-3
 established by EU for the human health protection 
in force since 2010 (Fig. 1). Therefore, the regulatory efforts done were insufficient and thus more 
stringent emission controls and efficient measures are still needed to improve air quality and to meet the 
European limit. The possible cause of the unexpectedly stabilization of NO2 concentrations at GRATR and 
of the weaker decreases of NO2 concentrations at MADTR and BCNTR stations and non-compliance of 
NO2 air quality standards at these stations are investigated in the following sections. 
3.2 Primary NO2 fraction trends 
One of the possible reasons of the stabilization of NO2 concentrations and the weaker decrease of NO2 
concentrations could be attributed to the increase of primary NO2 fraction in the NOx exhaust emissions 
from diesel vehicles fitted with modern after-exhaust treatment technologies (Carslaw, 2005). Primary 
NO2 fraction in the total NOx emissions (f-NO2) at the studied traffic stations was estimated from ambient 
monitoring data using the total oxidant method and the results are shown in Fig. 2. Primary NO2 fraction 
values ranged from 8%, 11% and 3% in 2003 to 14%, 20% and 12% in 2006/2007 at MADTR, BCNTR and 
GRATR, respectively. Primary NO2 fraction values obtained in this study are comparable to those found in 
other European cities. For example, Grice et al. (2009) estimated f-NO2 values in the range 1.5–24% for 
various European sites in the period 2000-2005. Anttila et al. (2011) reported f-NO2 values ranging from 
7% to 20% in Helsinki for the period 1994-2008. Also, Keuken et al. (2009) estimated f-NO2 values in 
the range 9-13% in Rotterdam in the period 1986-2005. A review of f-NO2 values obtained by different 

















The largest f-NO2 values were obtained at BCNTR station probably due to the influence of ship emissions 
from the Barcelona port. At GRATR and MADTR stations very similar f-NO2 values were observed. As 
can be seen in Fig. 2, the f-NO2 clearly increased from 2003 to 2006/2007 in all the studied traffic stations 
and slightly decreased or remained almost stable from 2007/2008 onwards. This increase in the primary 
NO2 fraction was also observed in other urban areas. In fact, this increase started in the early 2000s with 
the introdution of Euro 3 standards (Carslaw et al., 2016). In London, UK, rapid increase in the f-NO2 
started in 2003 and increased from 5-7% before 2003 to around 25% in 2005 (Carslaw et al., 2007). The 
increase in f-NO2 obseved in these European cities was attributed to an increased proportion of diesel-
fueled vehicles and an increased penetration of diesel vehicles fitted with particulate filters and oxidation 
catalysts (Carslaw, 2005; Anttila et al., 2011; Anttila and Tuovinen, 2010; Hueglin et al., 2006). One 
possible reason expalining the slight decrease or stabilization of f-NO2 from 2007/2008 to 2014 is the 
ageing of the diesel vehicle fleet. In fact, Carslaw et al. (2016) reported that the NO2 fraction decreased 
from 29% for one-year old vehicles to 22% for four-years old vehicles. The stabilization and slight 
decline in f-NO2 observed in MADTR, BCNTR and GRATR has been also observed in other European 
urban sites since 2010 (Grange et al., 2017). The main conclusion drawn from these results is that the 
increase of the f-NO2 observed over the studied stations is, at least partly, one of the causes of the 
observed stabilization and the weaker decrease of NO2 concentrations during the analised period. Another 
possible reason, supported by the decrease of the NO/O3 (Fig. 1), could be the smaller reduction of the 
concentrations of secondary NO2 compared to the NO, probably due to the change in the photostationary 


















Figure 2. The evolution of the annual f-NO2 (%) in BCNTR, GRATR and MADTR stations during 
2003-2014. The mean annual f-NO2 (%) over the three studied sites is also included in the figure. 
3.3 Primary and secondary NO2 contributions to ambient NO2 
concentrations 
The estimated primary, secondary and background NO2 concentrations at each station are shown in Fig. 
3. As can be seen, the primary and secondary NO2 concentrations at GRATR remained fairly constant 
during the analysed period, with mean primary and secondary NO2 concentrations (± standard diviation) 
of 8±2 and 33±2 g m
-3
, respectively. This result evidences that neither the primary nor the secondary 
NO2 concentrations have decreased over the analysed period and points out that, in addition to the 
European control measures, the implementation of local/regional measures is necessary to improve air 
quality with respect to NO2 in this city. As we comented before, the implemetation of local/regional 
emission controls in Granada began in 2014 and control measures were not implemented before. Since 
the annual ambient NO2 concentrations at GRATR (around 42 g m
-3
 in 2013 and 2014) are very close to 
the NO2 European standard limit, it would be expected that with additional local/regional abatement 
measures the annual standard limit would be achieved in the near future.  
Primary NO2 concentrations at BCNTR and MADTR stations increased slightly from about 14 g m
-3
 in 
2003 to 22-26 g m
-3
 in 2005 and then decreased slightly to about 12 g m
-3
 in the last years (Fig. 3). In 
contrast, secondary NO2 concentrations at BCNTR and MADTR decreased significantly over the period 
2003-2014. At BCNTR station NO2 concentrations decreased from 54 g m
-3
 to 38 g m
-3
 (by 30%) while 
MADTR station decreased from 60 to 32 g m
-3
 (by 45%). The strong NO2 concentration decrease 
observed at BCNTR and MADTR reveals the important role of local/regional control measures in 
improving air quality with respect to NO2. However, despite the large decrease observed in the last years 
in secondary NO2 concentrations at BCNTR and MADTR stations, the ambient NO2 concentrations (around 
50 g m
-3
 at both stations in 2014) still exceding the NO2 European annual standard limit and therefore 
more stringent control measures at local/regional level are still needed to comply with the standard limit 

















The mean contribution of secondary NO2 to the measured NO2 concentrations at BCNTR, MADTR and 
GRATR during the last years (2013-2014) were 73%, 73% and 75%, respectively, while the mean 
contribution of primary NO2 to the measured NO2 concentrations at BCNTR, MADTR and GRATR were 
24%, 26% and 19%, respectively. These percentages correspond to secondary NO2 concentrations of 38, 
33 and 30 µg m
-3 
and to primary NO2 concentrations of 13, 12 and 8 µg m
-3
 at BCNTR, MADTR and 
GRATR, respectively. These results highlight the significant impact of primary NO2 emissions on the 
measured NO2 concentrations in BCNTR, MADTR and GRATR, especially when compared with the 
threshold value for compliance with the European NO2 annual limit of 40 µg m
-3
. However, even a drastic 
reduction of primary NO2 emissions to zero through more effective control measures will not have a 
strong effect on ambient NO2 concentrations in BCNTR, MADTR and GRATR. For example, a hypothetic 
drastic reduction of primary NO2 emissions to zero, without altering the total NOx-emissions, will 
decrease the ambient NO2 concentrations in BCNTR, MADTR and GRATR in 2014 to 39, 34 and 34 µg m
-3
, 
respectively. Since no drastic changes are expected in the after-exhaust treatment technology that can 
reduce primary NO2 emissions to zero in the near future, and given that the secondary NO2 concentrations 
constituted the large fraction of total ambient NO2 measured in BCNTR, MADTR and GRATR (> 70% ), 
only a substantial reduction in NOx emissions (and, therefore, in secondary NO2 levels) will help to 

















Figure 3. The estimated primary, secondary and background NO2 concentrations at Barcelona, 
Granada and Madrid. Note that values are not integrated. 
3.4 Estimation of the required NOx reduction to achieve NO2 
standard limits 
An important conclusion of the previous section is that regardless of the NO2 primary emissions, a more 
significant reduction in NOx emissions (due to NO implication on secondary NO2 formation) is required 
in order to comply with the NO2 European standard limit. Thus, in this section we estimate the required 
NOx reduction to achieve the NO2 European standard limits at BCNTR, MADTR and GRATR stations. 
















































































































As in other European urban areas, concentrations of NO2, NO and NOx at the studied stations show a 
significant reduction on weekends compared to working days due to the reduction of anthropogenic 
activities, especially traffic activities, during the weekend. Therefore, in this study we use the difference 
in anthropogenic emissions between working days and weekends to estimate the required NOx reduction 
to comply with NO2 European standard limit. To investigate the changes in NOx and NO2 concentrations 
due to changes in anthropogenic activities from working days to weekends, we calculate the relative 
annual reduction in NOx concentrations from working days to weekends (1-[𝑁𝑂2
𝑤𝑒𝑒𝑘𝑒𝑛𝑑𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]/
[𝑁𝑂2
𝑤𝑜𝑟𝑘𝑑𝑎𝑦𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅])*100 and the corresponding reduction in NO2 concentations (1-[𝑁𝑂𝑥
𝑤𝑒𝑒𝑘𝑒𝑛𝑑𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅]/
[𝑁𝑂𝑥
𝑤𝑜𝑟𝑘𝑑𝑎𝑦𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅])*100 for each year of the dataset. Figure 4 shows the relationship between the relative 
annual reduction in NOx concentrations from working days to weekends and the corresponding reduction 
in NO2 concentations at the studied traffic stations. As can be seen, both variables show very good linear 
correlation with determination coefficients (R
2
) higher than 0.84. This linear dependency points out that 
the reduction in the anthropogenic emissions during weekends implies a reduction in NOx concentrations, 
and a linear reduction in NO2 concentration (at least for the range of concentrations observed during the 
studied period). Thus, in this study we use these linear relationships to estimate the NOx reductions 
required to reduce NO2 concentrations over the three analised stations below the NO2 annual European 
standard limit. Considering the annual mean values of the measured NO2 concentrations in 2014 (51, 50 
and 42 µg m
-3
 at BCNTR, MADTR and GRATR, respectively), NOx concentrations in Barcelona, Madrid 
and Granada in 2014 should be reduced by 31%, 30% and 9% to comply with the NO2 annual limit of 40 
µg m
-3
. This means that, using Eq. 7, a reduction of NOx emissions of 78%, 56% and 16% is a 
prerequisite to meet the annual NO2 limit of 40 µg m
-3


















Figure 4. Relative annual reduction in NOx concentrations from working days to weekends versus 
the corresponding reduction in NO2 concentations at each studied traffic station. 
4 Conclusions 
In this study, air quality data recorded in the 2003-2014 period at 3 Spanish cities that still exceeding the 
NO2 European standard limit were analysed. The main conclusions drawn from this study are: 
 High and statistically significant downward trends were observed for NO and NOx 
concentrations in BCNTR and MADTR. In contrast, the reduction of these pollutants in GRATR 
was smaller and not statistically significant due to the non-implementation of local/regional 
emission control measures at this city during the analysed period.  
 NO2 concentrations showed clear statistically downward trends in BCNTR and MADTR during 
the analysed period with reductions of up to 30%. In contrast, NO2 concentration at GRATR 
showed almost constant values during the studied period. Despite the significant decrease in NO2 
concentration in BCNTR and MADTR, this decrease was not enough to comply with the EU 
standard limit, and the NO2 concentrations observed over BCNTR, MADTR and as well as over 
GRATR still above the annual NO2 standard limit of 40 µg m
-3
. Therefore, more stringent 
emission controls and efficient measures are still needed to improve air quality and to meet the 
European standard limit at these sites. 
 The primary and secondary NO2 concentrations at GRATR remained fairly constant during the 
analysed period. In contrast, the secondary NO2 concentrations at BCNTR (MADTR) decreased 
significantly by 30% (45%) from 2003 to 2014, revealing the important role of the local/regional 
control measures implemented in Madrid and Barcelona in improving air quality in both cities.  
 The mean contribution of primary NO2 to the measured NO2 concentrations at BCNTR, MADTR 
and GR TR during the last years (2013-2014) were 24%, 26% and 19%, respectively, which 
highligh the significant impact of primary NO2 emissions on the measured NO2 concentrations. 
However, as no drastic changes are expected in the after-exhaust treatment technology that can 
reduce primary NO2 emissions to zero in the near future, and given that the secondary NO2 
concentrations constituted the large fraction of total ambient NO2 measured on BCNTR, MADTR 

















NO2 levels) will help to achieve lower concentrations of NO2 and comply with the NO2 
European air quality standards. 
 NOx emissions in Barcelona, Madrid and Granada should be reduced by 78%, 56% and 16% to 
comply with the NO2 annual limit of 40 µg m
-3
. Neverthless, the reduction of NO2 below the 
NO2 European limit, for example up to 35 µg m
-3
, requires a reduction of NOx emissions by 
110%, 83% and 43% in Barcelona, Madrid and Granada, respectively. 
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 Slight decrease or no change in NO2 concentrations at the studied sites.  
 Primary and secondary NO2 contributions were estimated using oxidant model.  
 Secondary NO2 is the main contributor to the total NO2 concentrations.  
 Primary NO2 emissions have a significant influence on NO2 concentrations. 
 Significant reduction in NOx emissions is required to comply with the NO2 limit. 
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